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Highly efficient information processing in brain utilises multilevel (as opposed to binary used in modern digital computers) logic components called synapses. A memristive device (or memristor) is a resistive electrical element with resistance depending on the history of the applied electrical signals 1, 2 , and can, therefore, be used as a memory element for the storage of information or as an artificial synapse to emulate biological synapses. Since the first experimental realization based on a metal/oxide/metal (Pt/TiO2/Pt) structure in 2008 [2] , memristors have attracted extensive interest due to their important application in next-generation non-volatile memory, signal processing, reconfigurable logic devices, and neuromorphic computing [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . By integrating light-emitting or plasmonic properties with memristive devices, optical memristors have also been demonstrated [15] [16] [17] [18] . Most of the memristive devices are based on metalinsulator-metal structures to achieve resistance switching by dynamically configuring the insulating layer (e.g., the formation/annihilation of nanoscale conductive filament), showing low operation voltages (several volts), short set/reset times (<100 ns), and good endurance. The oxide-based insulating layer is typically limited to thicknesses greater than 3 nm [6] [7] [8] [9] [12] [13] [14] [15] [16] [17] [18] . Further reduction of the insulating layer thickness is demanded in order to reduce the device size, operating voltage and energy consumption 3, 5 .
However, in metal-insulator-metal structures with insulator thickness of less than 2 nm, the occurrence of quantum-mechanical tunnelling effect can cause electron leakage through the insulating layer, which is believed to be a detrimental effect for further downscaling of electronic components such as transistors in integrated circuits.
Here, we demonstrate optoelectronic memristive devices by taking advantage of the electron tunnelling effect. Based on metal-polymer-metal tunnel junctions, we show the simultaneous multistate switching of the resistance and built-in light emission of the junctions, which is realized both electrically and optically by programming the junctions via hot-electron-mediated chemical reactions controlled by 3 the environment. Light-emitting tunnel junction (Fig. 1a) , an optoelectronic analog of a biological synapse, was constructed based on a plasmonic nanorod. During the tunnelling process (Fig. 1b) , the inelastically tunneled electrons excite plasmons in the nanorod which can subsequently decay radiatively into photons, while those electrons that tunnel elastically, generate hot electrons in the tips of nanorods which can be harvested for the multilevel writing of the junction state. The information stored is non-volatile and can be read both electrically and optically by interrogating the resistance and emission intensity. Optical coding of the tunnel junctions is also possible using the hot-electrons generated in the tunnel junctions by an external illumination. Controlling a gas environment of the tunnel junctions can be used to program the memristor response.
Experimentally, tunnel junctions were constructed in a plasmonic nanorod array (Fig. 1c) , which was fabricated by electrodeposition of Au into porous alumina templates (see Supplementary Section 1). (Fig. 1a) , creating an array of tunnel junctions (Supplementary Section 3) with density determined by the density of Au nanorod array on the order of ~10 10 cm -2 , which is close to the density of synapses in human brain (~10 14 in total). Nonlinear character of current-voltage characteristic (Fig. 1e) confirms the tunnelling of electrons through the metal-polymer-metal junctions 19 . Upon the application of a forward bias, light 4 emission was observed from the substrate side of the device, which is due to the radiative decay of plasmons excited in the nanorod metamaterial (Fig. 1b) [20] [21] [22] [23] [24] [25] . The recorded emission spectra (having a linewidth of ~200 nm) as a function of the applied bias are shown in Fig. 1f . With the increase of the bias, the emission intensity increases gradually, accompanied by a blue-shift of the emission peaks following the quantum cut-off law ℎ ≤ [20] . During the tunnelling process, the majority of electrons (~99%) tunnel elastically (Fig. 1b ) [20] [21] [22] [23] [24] [25] , appearing as hot electrons 26, 27 in the tips of Au nanorods, which can be used for programming the state of the tunnel junctions via hot-electron-activated chemical reactions 28, 29 . To use the hot-electron effects, the tunnelling device was put into a gas chamber under a bias of 2.5 V, with the tunnelling current and emission spectrum monitored simultaneously. The device was first stabilized in 2% H2 in N2, then, upon switching of a chamber environment to air, the tunnelling current decreased gradually down to two thirds of the original value ( Fig. 2a) . At the same time, the integrated light emission intensity increased gradually to twice the original value. The changes in the tunnelling current and emission intensity reflect a change in the junction state, which is due to the oxidization of the tunnel junctions by oxygen molecules in air mediated by hot electrons as a PLH monolayer undergoes oxidative dehydrogenation and coupling reactions 25 .
The resistance and emission intensity of the tunnelling device depends on the total number of the tunneled electrons ( Fig. 2b ) since the state of tunnel junctions is dependent on the history of the tunnelling process, particularly on how many electrons have traversed the junctions before, demonstrating the memory effect similar to biological synapses. During the reaction, the device was brought from a low resistance state (~20 Ω) to a high resistance state (~29 Ω), with a simultaneous change in the light emission from a low intensity to high intensity state (~80% increase in intensity). In this case, the written state of the tunnel junctions can be read out both electrically and optically, which is attractive for use as memory devices or artificial synapses, not only in electronic but also in optoelectronic systems. Moreover, compared with the existing optical memristors which require external light sources for the optical readout [16] [17] [18] 30 , the plasmonic tunnel junctions have nanoscale built-in plasmonic light sources, providing advantages for the dramatic reduction in device size and power consumption. Normally, the emission 6 intensity changes linearly with the tunnelling current, however, the emission intensity shows an opposite trend to that of the current during the reaction. This can be understood considering the evolution of the estimated inelastic tunnelling efficiency during the programming process (Fig. 2c , see Supplementary Section 4 for details). During the reaction of the tunnel junctions with oxygen molecules, the inelastic tunnelling efficiency increases gradually, resulting in the increased light emission intensity despite the gradual decrease of the tunnelling current. The tunnelling device can be programmed back to the original status by introducing hydrogen molecules into the cell via the hot-electron-mediated reduction of the oxidized tunnel junctions (Fig. 2d-f ). The resistance, integrated emission intensity, and inelastic tunnelling efficiency (Fig. 2e,f when the bias was switched off, showing the non-volatility. Accordingly, the light emission from the device was also latched to different intermediate levels (Fig. 3b) . Benefitted from the programming mechanism of the reactive tunnel junctions, the states of the junctions may, in principle, be controlled on single electron or molecule level. Instead of carrying out computations based on binary in digital chips, the artificial synapses based on reactive tunnel junctions work in an analog way like neurons in brain that activate in various way depending on the type and number of ions that flow across a synapse. Apart from the electrical programming, the state of the tunnel junctions can be programmed optically.
Under external light illumination of the nanorod metamaterial from the substrate side, the plasmonic modes in the metamaterial are excited. Figure 4a shows simulated electric field and current distributions in the unit cell of the metamaterial for the illumination wavelength of 600 nm (see Methods for details).
The plasmonic excitation exists across the whole nanorod length and hot electrons are generated in both tips of the Au nanorods, which can be used for the activation of chemical reactions in the tunnel junctions.
In order to demonstrate this (Fig. 4b) , the device was first stabilized in 2% H2 in N2 under 2.5 V (period 1). The state of the junctions was unchanged when the environment was switched to air under zero bias (period 2) due to the lack of hot electrons for the reaction (under applied bias the gradual rise of the tunnel resistance to level H was observed as expected (period 3)). The state was programmed back to the low resistance level (period 4) by introducing 2% H2 back into the chamber under applied bias. However, when the environment was switched to air under zero bias but the metamaterial was illuminated by a white light (period 5), the state of the junctions was programmed to the high resistance level (confirmed by the stable resistance after the removal of illumination under a bias of 2.5 V (period 6)). The spectra of latched light emission correspond to the level L and optically switched level H' agree well with the emission spectra from the electrically programmed low and high resistance levels (cf., Fig. 4c and Fig. 3b ). The ability of optical coding provides an alternative choice for the writing of information with advantages such as wireless and wavelength-dependent control. 
Methods
Fabrication. Plasmonic nanorod metamaterials were fabricated by electrodeposition of Au into substratesupported porous alumina templates 25, 31 . Metamaterial-based light emitting tunnel junctions were fabricated as follows: firstly, a nanorod metamaterial was chemically etched in a 3.5% H3PO4 solution at 35 ℃ to make the surrounding Al2O3 matrix slightly lower than the nanorod tips; secondly, the metamaterial with exposed nanorod tips were functionalized with a monolayer of PLH (Mw = 5,000-25,000, Sigma-Aldrich) via self-assembly; finally, a droplet of EGaIn (≥ 99.99% trace metals basis, Sigma-Aldrich) was added onto the surface of the metamaterial to form an array of metal-PLH-metal tunnel junctions.
Numerical simulations. Numerical simulations of the near-field distributions of the electric field inside the nanorod metamaterial and the associated electric current in the nanorods were performed using a finite element method (Comsol Multiphysics software). The metamaterial was illuminated from the substrate side by a plane wave at an angle of incidence of 45 o . The distribution of the nanorods in the metamaterial was approximated with a square array, which allowed to simulate the entire system modeling a unite cell with properly defined Floquet boundary conditions on the unit cell sides, determined by a phase delay acquired by the incident plane wave while travelling between the corresponding faces. To ensure the absence of back-reflection, a perfectly matched layer was implemented on the illumination side. At the opposite (EGaIn) side, this was not needed due to metallic nature of the latter. Experimentally measured data with a mean free path correction of 3 nm, related to the properties of electrochemically derived Au, were used for gold 32 , experimental tabulated data was also used for Al2O3 matrix 33 , SiO2 substrate 34 and Ta2O5 adhesion layer 35 . Optical properties of EGaIn were approximated by the Drude model, while
S1. Fabrication of plasmonic nanorod metamaterials
The plasmonic nanorod metamaterials were fabricated by electrodeposition of Au into substrate-supported porous alumina templates [31] . The substrate is a multilayered structure comprised of a glass slide (1 mm in thickness), a tantalum oxide adhesive layer (10 nm in thickness), and an Au film (7 nm in thickness)
acting as a working electrode for the electrochemical reaction. An aluminum film (~500 nm in thickness)
is then deposited onto the substrate by planar magnetron sputtering, which is subsequently anodized in oxalic acid (0.3 M) at 40 V to produce the porous alumina template by two-step anodization. The diameter, separation and ordering of the Au nanorods in the assembly are controlled by the conditions of anodization.
The electrodeposition of Au is performed with a three-electrode system using a non-cyanide solution. The length of Au nanorods is controlled by the electrodeposition time. In this work, the length of Au nanorods is slightly shorter than the height of alumina template. The metamaterials were then washed several times in deionized water (DI water) and stored in 200 proof ethanol for future use. Figure S1 shows the schematic diagram of the fabrication of metal-polymer-metal tunnel junctions based on a plasmonic nanorod metamaterial. In the first step, a wet chemical etching method was used to remove some of the alumina matrix to make the tips of Au nanorods slightly higher than the surrounding alumina.
S2. Fabrication of metal-polymer-metal tunnel junctions
Briefly, the nanorod metamaterial stored in ethanol was firstly dried under N2 and then put into an aqueous solution of H3PO4 (3.5 %) at 35 ℃ to start the etching. The etching depth can be precisely controlled by the etching time. After the chemical etching, the metamaterial was washed several times in DI water.
In the second step, the exposed Au nanorod tips were functionalized with a monolayer of poly-Lhistidine (PLH, Mw 5,000-25,000, Sigma-Aldrich). Briefly, the etched nanorod metamaterial was 19 submerged into a PLH solution (1 mg/mL, pH ~5-6) and incubated for 0.5 h. Due to the high affinity of PLH to Au surface and the positive charging of protonated PLH in solution, a monolayer of PLH selfassembled onto the exposed Au nanorod tips. The metamaterial was then washed several times in DI water to remove weakly bound PLH and dried under N2.
Finally, a droplet of EGaIn was added onto the surface of the nanorod metamaterial to form an array of metal-PLH-metal tunnel junctions, and then two Au wires were connected to the bottom Au film and the EGaIn droplet for the application of bias across the tunnel junctions. 
S4. Estimation of inelastic tunnelling efficiency
In the nanorod-metamaterial-based tunnel junctions, the light emission is due to the radiative decay of plasmonic modes excited by the inelastic tunnelling electrons. In this case, the relation between inelastic tunnelling efficiency ( = Γ /Γ , where Γ and Γ are inelastic and total tunnelling rates, respectively) and electron-to-photon conversion efficiency ( ) can be written as: = • , where is the antenna radiation efficiency ( = / , defining how much power from the excited plasmonic modes is radiated in light). The electron-to-photon conversion efficiency can be estimated from the ratio of emitted photons (evaluated from the measured emission power, assuming all the emitted photons have the same wavelength of 850 nm) to injected electrons (evaluated from the measured tunnelling current under 2.5 V forward bias) during each period of measurement. The antenna radiation efficiency can be evaluated from the numerical simulations to be ~3.5 × 10 -4 at 850 nm.
